The glutamate system is involved in many aspects of neuronal synaptic strength and function during development and throughout life. Synapse formation in early brain development, synapse maintenance, and synaptic plasticity are all influenced by the glutamate system. The number of neurons and the number of their connections are determined by the activity of the glutamate system and its receptors. Malfunctions of the glutamate system affect neuroplasticity and can cause neuronal toxicity. In schizophrenia, many glutamate-regulated processes seem to be perturbed. Abnormal neuronal development, abnormal synaptic plasticity, and neurodegeneration have been proposed to be causal or contributing factors in schizophrenia. Interestingly, it seems that the glutamate system is dysregulated and that N-methyl-D-aspartate receptors operate at reduced activity. Here we discuss how the molecular aspects of glutamate malfunction can explain some of the neuropathology observed in schizophrenia, and how the available treatment intervenes through the glutamate system.
Introduction
Schizophrenia is a severe neuropsychiatric disorder that afflicts 1% of the world population (Andreasen, 1996; Bromet & Fennig, 1999; Carpenter & Buchanan, 1994) . Although it is believed that multiple pathological processes can lead to schizophrenia, we have neither identified them nor linked them to the various clinical manifestations of the disorder (Carpenter & Buchanan, 1994) . Unlike other neuropsychiatric disorders such as Parkinson's Moreover, both systems interact in a manner that allows dopamine D 2 inhibitors to modulate an abnormally low glutamate system. As will be outlined in Section 3.3, overstimulation of D 2 receptors can influence NMDA receptor activity. This interdependence of the glutamate and dopamine neurotransmitter systems could reflect an abnormality of either system in the other.
This review will illustrate how the molecular aspects of glutamate receptor activity and pharmacology support the glutamate hypothesis of schizophrenia. A dysregulated glutamate system, as proposed for schizophrenia, can affect brain development in a way that is consistent with the pathology of schizophrenia. Since excellent reviews have been published on the role of glutamate in the schizophrenic brain (Goff & Coyle, 2001; Sherman et al., 1991) , we will focus here on the consequences of glutamate dysfunction on neuronal development and performance. In particular, we will discuss the molecular and the pharmacologic aspects of how the glutamate and dopamine systems influence each other.
The various roles of glutamate neurotransmission in schizophrenia
The first indication of an altered glutamate system in schizophrenia was provided by a report of significantly reduced glutamate levels in patients (Kim et al., 1980) . Since then, a variety of studies have supported a primarily hypoactive glutamate system in schizophrenia (Coyle, 1996; Goff & Coyle, 2001; Goff & Wine, 1997; Jentsch & Roth, 1999; Meador-Woodruff & Healy, 2000; , with secondary increased glutamate release in selected brain areas (Olney et al., 1999) . A malfunction of the NMDA type of glutamate receptors has gained particular attention in light of two observations: (1) inhibition of the NMDA receptors with phencyclidine (PCP) or ketamine causes schizophrenia-like psychoses in normal subjects and worsens the symptoms of schizophrenia in patients (Javitt & Zukin, 1991; Jentsch & Roth, 1999) and (2) facilitation of the glycine site of the NMDA receptor improves the outcome of the treatment in schizophrenia (Dall'Olio & Gandolfi, 1993; Goff et al., 1999b; Heresco-Levy et al., 1996b . This section will deal with the role of glutamate and its receptors in brain development, brain function, neuroplasticity, and neurotoxicity, and how a malfunction of the glutamate system could explain some of the neuropathology observed in schizophrenia.
Pharmacology of glutamate receptors
Glutamate controls the excitation of neurons and glia through the activation of various glutamate receptors. Glutamate receptors include ion channels (ionotropic glutamate receptors) and G-protein-coupled receptors [metabotropic glutamate receptors (mGluRs)] (Hollmann & Heinemann, 1994; Ozawa et al., 1998) .
2.1.1. Ionotropic glutamate receptors-Ionotropic glutamate receptors are named after their distinguishing ligands and classified into NMDA receptors, α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptors, and kainate receptors (Hollmann & Heinemann, 1994; Ozawa et al., 1998) . Molecular cloning has shown that all ionotropic glutamate receptors consist of four subunits, which form a functional receptor with an ion permeable pore (Clements & Westbrook, 1991; Rosenmund et al., 1998; Safferling et al., 2001) (Figs. 1A, 1B) . Each of the four subunits binds one ligand molecule (Clements & Westbrook, 1991) . NMDA receptors require both L-glutamate and glycine for efficient channel activation (Fig. 1A) . The NMDA receptor is assembled from two NR1 subunits, expressed in eight splice variants, and two of a family of four NR2 subunits (NR2A-D) (Hollmann & Heinemann, 1994) . The NR1 subunit binds to glycine, while the NR2 subunits bind glutamate, enabling the receptor to bind to a maximum of two glutamate and two glycine molecules (Laube et al., 1997) . Unlike the glycine receptor, glycine binding to the NMDA receptor is strychnine-insensitive (Johnson & Ascher, 1987) . The facilitation by glycine distinguishes the NMDA receptor from other ionotropic receptors, a feature that has been employed in treatment trials of schizophrenia. Following the observation that the noncompetitive NMDA receptor antagonist PCP can induce a psychotomimetic state akin to schizophrenia (Javitt & Zukin, 1991) , it was proposed that facilitation of NMDA receptor function might provide a therapeutic benefit in schizophrenia. Thus, agonists at the glycine site of the NMDA receptor, such as glycine, serine, or d-cycloserine (Henderson et al., 1990; Hood et al., 1989; Watson et al., 1990) , have been tested in clinical studies and have shown promise as adjuvants in the treatment of schizophrenia (Dall'Olio & Gandolfi, 1993; Goff et al., 1995b Goff et al., , 1999b Heresco-Levy et al., 1996a Javitt et al., 1994; Tsai et al., 1998b) .
A novel family of NMDA receptor subunits, consisting of NR3A and NR3B, has been described recently (Nishi et al., 2001; Sucher et al., 1995) . NR3A has at least two splice variants (Sun et al., 1998) . NR3 subunits form functional channels with NR1 , and, unlike other subunits, work in a dominant-negative fashion, i.e., they assemble with NR1 and suppress glutamate-induced currents (Nishi et al., 2001; Sucher et al., 1995) .
AMPA and kainate receptors are assembled in tetramers from a family of receptor subunits, GluR1-4 for AMPA and GluR5-7 (GRIK1-3; low-affinity subtypes) and KA1-2 (GRIK4 and -5, high-affinity subtypes) for kainate (Hollmann & Heinemann, 1994; Ozawa et al., 1998) (Fig. 1B) . AMPA receptors are predominantly postsynaptically located, whereas kainate receptors may have additional presynaptic function in the regulation of glutamate release (Frerking & Nicoll, 2000; Lerma et al., 2001) .
AMPA receptors are functional in homomeric and heteromeric assemblies of all four subunits. Kainate receptors cannot form functional channels with homomeric assemblies of GluR7, KA1, and KA2 (GRIK3-5) (Ozawa et al., 1998) . AMPA and kainate receptors require only glutamate for activation. For the AMPA receptors, it has been shown that each subunit can bind one molecule of glutamate. Activation of the AMPA receptor does not require the occupation of all four subunits with glutamate, but the number of subunits occupied determines the conductance of the receptor (Rosenmund et al., 1998) . While the molecular pharmacology of the kainate receptor has not been studied as thoroughly as the AMPA receptor, it appears to be similar (Lerma et al., 2001 ).
Upon ligand binding, Na + and K + pass through the pore of ionotropic glutamate receptors and cause depolarization of the neuronal membrane (Ascher & Nowak, 1987; Kandel et al., 1991) . In addition to depolarizing membranes, iono-tropic glutamate receptors can initiate long-term molecular adaptations in neurons. These adaptations are mediated by Ca 2 + influx through the channel pore. Ca 2 + can pass through NMDA receptors (Connor et al., 1988; MacDermott et al., 1986) , kainate receptors (Egebjerg & Heinemann, 1993; Kohler et al., 1993) , and, under some circumstances, AMPA receptors (Hume et al., 1991; Nakanishi, 1992; Pellegrini-Giampietro et al., 1997) . The Ca 2 + permeability of AMPA receptors is determined by the GluR2 subunit. Co-expression of GluR2 subunits with GluR1, GluR3, or GluR4 results in the formation of receptors with little Ca 2 + permeability, while the absence of GluR2 renders AMPA receptors Ca 2 + permeable (Hollmann & Heinemann, 1994; Ozawa et al., 1998; Seeburg, 1993) . Whereas native AMPA receptors are frequently heteromers with GluR2 subunits and little Ca 2 + permeability, some AMPA receptors with high Ca 2 + permeability have been identified in subpopulations of neurons in the hippocampus, cerebellum, cortex, and other brain areas (Ozawa et al., 1998) .
Kainate receptors have a higher Ca 2 + permeability than AMPA receptors. In particular, the GluR6 subunit of the kainate receptor forms channels with high Ca 2 + permeability (Egebjerg & Heinemann, 1993; Kohler et al., 1993) . The RNA sequences of GluR2 (AMPA) and GluR6 (kai-nate) can be modified, whereby the code for the amino acid glutamine (which is encoded by the DNA sequence) is edited to arginine (Egebjerg & Heinemann, 1993; Kohler et al., 1993; Sommer et al., 1991) . In GluR2, this replacement is important to prevent Ca 2 + flow through the AMPA receptor, whereas in GluR6 the replacement seems to be of lesser significance (Ozawa et al., 1998) .
The influx of Ca 2 + through ionotropic glutamate receptors has been the focus of much attention, because Ca 2 + stimulates intraneuronal signal transduction cascades that determine cellular plasticity and cell death (Fig. 2) . Signal transduction cascades activated by Ca 2 + stimulate kinases and phosphatases, which affect the phosphor-ylation state of receptors, ion channels, signaling proteins, and transcription factors (TFs). The consequences of these phosphorylation events are widespread and range from altered neuronal excitability to the expression of new genes and proteins. Depending on which signal transduction pathways are activated, the proteins synthesized are involved in the construction of new synapses and reinforcement of existing synapses, or the controlled disassembly of the neuron in a cell death program (Fig. 2) . Thus, glutamate has a critical role in neuroplasticity and neurotoxicity, neurodevelopment, and neuronal death. The NMDA receptor is particularly important for the initiation of cellular programs because of its Ca 2 + permeability and its physiological properties. A distinguishing feature of this receptor is a voltage-dependent block by Mg 2 + (Mayer et al., 1984) , which prevents channel opening in response to ligand binding. To relieve the block and to open the channel, the NMDA receptor needs simultaneous depolarization and ligand binding. The need for a coincidence of presynaptic neurotransmitter release and postsynaptic depolarization is thought to provide an important safeguard for the regulation of neuroplasticity (Herron et al., 1986) .
2.1.2.
Metabotropic glutamate receptors-mGluRs are localized at presynaptic and/or postsynaptic sites on glia and neurons . Like all G-protein-coupled receptors, mGluRs have seven transmembrane domains Schoepp, 1993 ), yet they share little sequence homology with the other known G-protein-coupled receptors (Fig. 1C) and form a unique superfamily of G-protein-coupled receptors (Ozawa et al., 1998) .
Eight mGluR subtypes have been cloned. They are divided into three groups, depending on their amino acid sequence and the signal transduction pathways that they activate (Fig. 1C) . Group I mGluRs (mGluR1, mGluR5) stimulate phospholipase C activity, cyclic AMP formation, and arachidonic acid (AA) release (Aramori & Nakanishi, 1992) , whereas Groups II (mGluR2, mGluR3) and III (mGluR4, mGluR6, mGluR7, mGluR8) inhibit adenylate cyclase activity (Fagni et al., 2000; Pellicciari & Costantino, 1999) . mGluRs affect neuroplasticity and gene expression via their modulation of these signal transduction pathways. mGluR2, mGluR4, mGluR7, and mGluR8 are also located at presynaptic terminals (Schoepp, 2001) , and it has been shown that mGluRs reduce neurotransmitter outputs of excitatory and inhibitory amino acids, monoamines, and neuropeptides . mGluRs regulate neuronal presynaptic activity by modulating the activity of Ca 2 + or K + channels and by interfering with release processes downstream of Ca 2+ entry .
Postsynaptic mGluRs increase the intracellular Ca 2+ concentration by activating ryanodinesensitive and inositol 1,4,5-trisphosphate-sensitive Ca 2 + stores (Fagni et al., 2000; Murphy & Miller, 1988) . In concordance with the notion that the mobilization of Ca 2 + promotes neuroplasticity, mGluRs have been shown to contribute to synaptic plasticity, learning, and memory . They support the induction of long-term potentiation (LTP) in the hippocampus, and they play a role in hippocampal and cerebellar long-term depression (LTD) Fagni et al., 2000) .
Physiological role of the glutamatergic system
Glutamate neurotransmission is critically involved in neuronal development, neuroplasticity, and neurotoxicity. Abnormal development, abnormal neuroplasticity, and neurotoxicity have also been implicated in the pathology of schizophrenia (Goff & Coyle, 2001; . A detailed evaluation of the normal role of glutamate in brain development, adult brain function, and neurotoxicity is presented to help develop the potential contribution of abnormal glutamate receptor activity in schizophrenia.
2.2.1. The role of glutamate in brain development-In early neuronal development, neurons extend filopodia that search the environment for presynaptic partners with which to form synapses (Lee & Sheng, 2000; Wong & Wong, 2000) (Fig. 3A) . As neurons mature, synapses replace filopodia (Harris, 1999) . Whereas motility is important in very early development to maximize the chance to find partners, stability is needed in later development to maintain and strengthen synapses. The glutamate system is critically involved in both.
After a filopodium makes contact with a potential partner, cell adhesion molecules provide the initial stimulus for the formation of a synapse (Doherty et al., 1995; Murase & Schuman, 1999) (Fig. 3A) . Following the adhesion of the membranes, prefabricated protein packages, which are able to release neurotransmitter, get trapped at the presynaptic site of contact (Ahmari et al., 2000; Haas, 2000) . The release of glutamate stimulates the postsynaptic membrane to recruit anchoring proteins that can secure all the necessary elements for a functional postsynaptic site (Fig. 3A) (Friedman et al., 2000) . The ability of a neuron to synthesize and release adequate amounts of glutamate is crucial for the formation of a sufficient number of synapses. Presynaptic neurons that cannot provide enough glutamate may prevent the formation of a postsynaptic site, which decreases the likelihood of synapse formation.
Once the initial synapse is established, activities of the pre-and postsynaptic membrane need to be synchronized, i.e., the postsynaptic membrane needs to respond to pre-synaptic neurotransmitter release. Synchronization stabilizes the synapse. Failure to synchronize leaves the postsynaptic membrane unstable, which leads to a retraction and elimination of the synapse (Frank, 1997) .
The glutamate system and its various receptors play a crucial role in the stabilization of synapses. Although early synapses contain NMDA receptors, they are unresponsive to glutamate unless AMPA/kainate receptors are present in the postsynaptic membrane ( Fig. 3 ) (Isaac et al., 1995; Petralia et al., 1999; Wu et al., 1996) . Mg 2 + , which is blocking the NMDA receptor pore (Mayer et al., 1984) , needs to be dislodged to allow ion influx. In order to dislodge the Mg 2 + and to depolarize the neuron, a coincidence of presynaptic glutamate release and postsynaptic depolarization is needed. This 'coincidence' seems to initially happen by chance, although it may be facilitated through a spillover of depolarization of more mature, neighboring synapses ( Fig. 3) . As development progresses, more and more synapses incorporate AMPA receptors (Isaac et al., 1995; Petralia et al., 1999; Wu et al., 1996) , which appear in the postsynaptic membrane as a consequence of NMDA receptor depolarization and activation of Ca 2 + /calmodulindependent protein kinase (CaM kinase) II (Figs. 3C, 3D ) . Once both types of receptors are in the membrane, the release of glutamate activates AMPA and NMDA receptors. AMPA receptors provide a short, postsynaptic depolarization that removes the Mg 2 + block and allows ion flux through NMDA receptors. At this point, synchronization between presynaptic glutamate release and post-synaptic depolarization response is established.
Synapses that contain only NMDA receptors, but not AMPA/kainate receptors, are termed 'silent synapses' for their lack of electrophysiological response to glutamate under normal resting potentials (Gomperts et al., 1998; Isaac et al., 1995; Liao et al., 1995; Wu et al., 1996) . They are also found in adult rats, where, for example, only 85% of the hippocampal synapses made by Schaffer collaterals onto CA1 pyramidal cell spines have detectable levels of AMPA receptors, whereas 100% have NMDA receptors (Racca et al., 2000) .
The initial fate of a synapse is thus determined by presynaptic glutamate release and the incorporation of sufficient numbers of postsynaptic NMDA and AMPA/ kainate receptors. Reduced levels of glutamate or reduced activity of NMDA receptors impact the number of synapses established. If any of these abnormalities are present early in brain development, they should have crucial consequences for the establishment of proper brain circuitry and synaptic connectivity. Indeed, schizophrenia is thought to be a neurodevelopmental disorder, with defective connectivity and decreased synaptic density (Lewis & Lieberman, 2000) .
Among the abnormalities found in the adult neocortex in schizophrenia are a reduction in the density of spines (Garey et al., 1998; Glantz & Lewis, 2000) and a reduction in neuropil (Selemon & Goldman-Rakic, 1999) . The functional consequences of the anatomical abnormalities are a disconnection of circuits involving prefrontal-temporolimbic areas (Friston & Frith, 1995) . These abnormalities are thought to be the result of a subtle disease process that affects the formation of critical circuits in the brain during early neuronal development. This disease process becomes clinically apparent during adolescence or early adulthood. Because the infant brain has an overabundance of connections, which are pruned throughout childhood and adolescence (Huttenlocher, 1984; Huttenlocher et al., 1982) , schizophrenia presents itself at a time when a critical number of synaptic connections is lost, which, in many cases, occurs in late adolescence or early adulthood.
While the evidence is circumstantial, there are strong indications that early malfunctions in the glutamate system lead to defective connectivity. A primary hypoactive glutamate system, as proposed for schizophrenia (Goff & Coyle, 2001) , therefore, could affect the formation of neuronal connections early in life, which fits well with the anatomical abnormalities found in the adult schizophrenic brain.
The role of glutamate in neuroplasticity throughout life-
The ability of neurons to adapt to changes in the environment is crucial for survival and an important aspect of brain function. This adaptive feature is referred to as 'neuroplasticity,' and its ultimate manifestations are learning and memory. The interaction between signaling molecules, such as glutamate and its receptors, has short-term consequences (depolarization of the membrane) and long-term consequences (e.g., altered gene and protein synthesis) that affect the properties and shape of the neuron. New gene expression is needed for the longlasting changes of the efficacy of synaptic communication, which is crucial for learning and memory. For example, membrane depolarization and activation of NMDA receptors enables Ca 2+ influx, which induces LTP and gene expression . The functional consequences of Ca 2 + influx include increased sensitivity to glutamate (demonstrated by a decrease in synaptic failures) ) and a promotion of neurite outgrowth, cell adhesion, and cellular interactions, all of which represent the structural substrate for neuroplasticity (Segal, 2001 ).
How does electrical activity mediate Ca 2 + influx and gene expression? Studies of the TF cyclic AMP response element-binding protein (CREB) provide some interesting insights into this question (Fig. 4) . Presynaptic glutamate release in combination with postsynaptic depolarization causes the influx of Ca 2 + ions through the NMDA receptor channel (MacDermott et al., 1986) and through Ca 2+ channels (Mermelstein et al., 2000; Rajadhyaksha et al., 1999) . Free intracellular Ca 2 + activates Ca 2 + -dependent enzymes such as CaM kinases and the phosphatase calcineurin (Thompson, 2000) . These enzymes modulate glutamate receptor function in a feed-back-loop, and they activate TFs. For instance, phosphorylation of ionotropic glutamate receptors by CaM kinases potentiates the conductance of these channels to glutamate (Carvalho et al., 1999; Derkach et al., 1999; Mammen et al., 1997; Omkumar et al., 1996; Soderling, 1993; Swope et al., 1999; Tan et al., 1994; Wang & Salter, 1994; Yakel et al., 1995) . Moreover, phosphor-ylation affects the transport and incorporation of glutamate receptors into the postsynaptic membrane Rongo & Kaplan, 1999) . The phosphatase calcineurin shortens the channel opening time of ionotropic glutamate receptors and promotes AMPA receptor endocytosis (Beattie et al., 2000; Ghetti & Heinemann, 2000; Lieberman & Mody, 1994; Shi et al., 2000; Tong et al., 1995) . Thus, Ca 2 + -activated kinases and phosphatases influence glutamate receptor activity and the neuronal response to glutamate.
In addition, Ca 2 + -dependent kinases translocate to the nucleus, where they phosphorylate/ activate TFs such as CREB (Fig. 4A) (Rajadhyaksha et al., 1999; Schulman, 1995) . CREB has been shown to be involved in the formation of long-term memory (Davis et al., 1996; Frank & Greenberg, 1994) . In Drosophila, long-term memory was blocked by a dominantnegative CREB transgene (Yin et al., 1994) . Conversely, long-term memory was enhanced after expression of an activator of CREB (Yin et al., 1995) . Similarly, mice with a targeted disruption of the a and d isoforms of CREB were deficient in long-term memory (Bourtchuladze et al., 1994) , whereas on the other hand, contextual learning causes a significant increase in CREB-dependent gene expression in the hippocampus of mice (Impey et al., 1998) .
Protein synthesis is an important component of CREB-mediated synaptic plasticity, and some of the genes that are needed for synapse formation seem to be under the control of CREB. In Aplysia neurons, it has been shown that CREB-dependent synaptic facilitation requires protein synthesis, and that it involves the growth of new synaptic connections (Martin et al., 1997) . Many effects of Ca 2 + on gene expression, synaptic plasticity, and processes of learning can be explained by the Ca 2 + -dependent activation of the TF CREB.
It has been demonstrated that glutamate, Ca 2 + , gene expression, and neuroplasticity are intricately linked. LTP and LTD, two features of neuroplasticity, depend on NMDA receptor function (Bear & Malenka, 1994; Malenka, 1991; . Similarly, learning and memory depend on gene expression and NMDA receptors (Bailey et al., 1996) . The activation of intraneuronal signal transduction pathways, TFs, and gene expression results in increased protein expression, leading to a remodeling of the structure and function of the neuron. Thus, throughout life, glutamate can initiate changes in synapse morphology and can influence synaptic strength (Figs. 4B, 4C). These are important qualities needed for proper cognitive function. Many of these processes are disturbed in schizophrenia, and it is likely that malfunctions of the glutamate system, at least to some extent, are responsible for the observed cognitive deficits.
The role of glutamate in neurotoxicity-
Whereas the physiologic stimulation of glutamate recep tors is generally beneficial for neurons, excessive stimulation of glutamate receptors can compromise neuronal viability by impeding structural and functional integrity. This process is known as 'excitotoxicity.' Under extreme circumstances, excessive activation of NMDA receptors can cause unmanageable Na + and Cl − influx, which can build up osmotic pressure to the point where the cell ruptures (Olney et al., 1986; Rothman, 1985) . If the cell manages to avoid this necrotic death, a delayed, apoptotic, Ca 2 + -dependent death can be initiated (Choi, 1987) . Apoptotic cell death is caused by irreversible intracellular Ca 2+ elevation, a Ca 2 + overload (Randall & Thayer, 1992) . Mitochondrial damage seems to play an important role in Ca 2 + -mediated apoptosis (Fig. 5) (Schinder et al., 1996) . Due to the Ca 2 + accumulation, the mitochondrial membrane potential collapses, cellular levels of ATP drop, and reactive oxygen species (ROS) build up (Luetjens et al., 2000; Montal, 1998; Sengpiel et al., 1998) . Since ATP is needed to shuttle Ca 2 + out of the cells, the vicious cycle is potentiated (Sattler & Tymianski, 2000) . In addition, among the second messenger pathways activated by Ca 2 + is the AA pathway (Lazarewicz et al., 1990 ) that contributes to the generation of free radicals (Keyser & Alger, 1990; Rao et al., 1982) . Free radicals compromise cellular function and membrane integrity by attacking proteins and nucleic acids, and by mediating lipid peroxidation of cell membranes (Farooqui & Horrocks, 1998; Halliwell & Chirico, 1993; Khodorov, 2000) .
Apoptosis is an active process, a 'suicide' program of cells designed to avoid an inflammatory response (Bredesen, 1995) . Molecular mechanisms leading to apoptosis have been most systematically identified in Caenorhabditis elegans (Metzstein et al., 1998) , and homologous genes that regulate apoptosis have been identified in vertebrates (Alnemri, 1997; Bergeron & Yuan, 1998; Driscoll, 1996; Martinou & Sadoul, 1996; Merry & Korsmeyer, 1997; Schwartz & Milligan, 1996) . A group of cysteine proteases, called caspases, are centrally involved in apoptosis (Bergeron & Yuan, 1998) . Caspases are constitutively expressed as proenzymes that undergo proteolytic cleavage. Once cleaved, they become active and proceed to cleave-activate other enzymes, and to cause enzymatic breakdown of proteins and structural elements inside the cell. Caspase-3 activates a protein that triggers fragmentation of DNA . NMDA-mediated neurotoxicity activates caspases inside neurons (Fig. 5) (Du et al., 1997; Hirashima et al., 1999; Martin et al., 1998; Nath et al., 1998; Tenneti et al., 1998; Tenneti & Lipton, 2000) . The damage to the mitochondria by Ca 2 + causes a release of cytochrome c (Luetjens et al., 2000) ; cytochrome c, in turn, activates caspase-3 . Given the relationship of caspase-3 and DNA fragmentation, it is not surprising that excitotoxicity activates endonucleases and causes internucleosomal DNA fragmentation in neurons (Ankarcrona et al., 1995; Kure et al., 1991; Nath et al., 2000; Simonian et al., 1996) . Some of the deleterious side effects of conventional antipsychotic drugs may be derived from their facilitation of NMDA receptor activity and Ca 2 + influx, which controls a delicate equilibrium between neuroplasticity and neurotoxicity. These mechanisms will be discussed in Section 3.
Interestingly, a decrease in the activity of NMDA receptors, as achieved with NMDA antagonists and as suspected in schizophrenia, also causes excitotoxicity Olney et al., 1989) . This paradoxical phenomenon is explained by a reduced activity of gaminobutyric acid (GABA)ergic neurons under the control of hypoactive NMDA receptors (Fig. 6) (Olney et al., 1991) . The decreased stimulation of NMDA receptors on γ-aminobutyric acid (GABA)ergic neurons leads to a dis-inhibition of postsynaptic glutamate neurons, excessive glutamate release, and neurotoxicity.
2.3. Pathology of the glutamate system in schizophrenia 2.3.1. The glutamate system is dysregulated in schizophrenia-The most striking evidence for an involvement of the glutamate system in schizophrenia comes from the clinical observation that inhibition of NMDA receptors by the noncompetitive antagonists PCP or ketamine causes schizophrenia-like psychoses in normal people and exacerbates psychotic symptoms in schizophrenics (Jentsch & Roth, 1999; Krystal et al., 1994) . PCP psychosis in normal people mimics the positive, as well as the negative, symptoms observed in schizophrenia, and is regarded by many as the best pharmacological model of schizophrenia (Javitt & Zukin, 1991; Petersen & Stillman, 1978) . Thus, animals treated with moderate doses of NMDA receptor antagonists, such as PCP, ketamine, or MK801, are used to model various aspects of schizophrenia. In rodents and monkeys, subanesthetic doses of NMDA antagonists produce behaviors analogous to those observed in schizophrenics. They include hyperlocomotion, enhanced stereotypic behaviors, cognitive and sensorimotor gating deficits, and impaired social interactions (Lipska & Weinberger, 2000) . Like in human healthy controls, NMDA receptor antagonist models of schizophrenia in animals mimic not only positive symptoms, such as hyperlocomotion and stereotypy, but also negative symptoms such as deficits in social interaction (Gainetdinov et al., 2001) . Importantly, the behavioral effects of subanesthetic doses of NMDA antagonists in rats and monkeys can be antagonized by the administration of antipsychotic drugs (Kilts, 2001 ).
Abnormalities of glutamatergic neurotransmission have also been linked to one of the perceptual/cognitive deficits seen in schizophrenia, i.e., abnormal sensorimotor gating. One of the experimental paradigms to study sensorimotor gating involves the examination of the startle reflex. The startle response to a strong stimulus is measured in the presence and absence of a weak stimulus immediately before the startle stimulus. In healthy animals and humans, a preceding weaker stimulus will blunt the response to the startle stimulus, a behavior referred to as 'prepulse inhibition' (PPI). Schizophrenics have impaired PPI of startle, i.e., their startle response is less blunted by a weaker stimulus immediately before the startle stimulus . Similar deficits in PPI are produced in rats under NMDA receptor inhibition (Geyer et al., 2001) . Although the experimentally induced PPI deficits in rats may not represent an animal model of schizophrenia per se, they do provide a valid model of sensorimotor gating deficits seen in schizophrenia (Geyer et al., 2001) . The effects of non-competitive NMDA antagonists on PPI are quite potent, as the doses that disrupt PPI are below the doses that affect locomotor activity (Mansbach & Geyer, 1989) . Ketamine-disrupted PPI in rats is reversed with the antipsychotic drugs clozapine, seroquel, and chlorpromazine , thus providing a link between the deficits in PPI, NMDA receptors, and schizophrenia.
Genetic animal models that use knockdown of NR1 receptors and knockout of the mouse NR2A receptor, also support a model in which reduced NMDA receptor activity results in schizophrenia-like behavior. Mice that express only 5% of the normal levels of the NR1 subunit display behavioral abnormalities similar to those observed in pharmacologically induced animal models of schizophrenia (Mohn et al., 1999) . These abnormalities, which include increased motor activity, stereotypy, and deficits in social and sexual interactions, can be ameliorated by treatment with haloperidol or clozapine (Mohn et al., 1999) . NR2A knockout mice, another example of malfunction of NMDA receptors, exhibited increased locomotor activity in a novel environment and an impairment of latent learning (which is associated with selective attention) in a water source-finding task (Miyamoto et al., 2001) . Hyperlocomotion in NR2A mutant mice was attenuated by treatment with the antipsychotic drugs haloperidol and risperidone (Miyamoto et al., 2001 ).
In light of the implication of altered glutamate receptor function in schizophrenia, investigators have examined levels of glutamate receptors and found a dysregulation (Meador-Woodruff & Healy, 2000) . However, it is difficult to draw inferences about receptor activity by studying receptor density. A decrease in the number of receptors may be interpreted as a molecular response to increased receptor activity or, conversely, as a cause of decreased receptor function. Keeping this explanatory dilemma in mind, it is worthwhile to review the studies of glutamate receptors in schizophrenia. Several investigators have reported that the expression of AMPA and kainate receptor subtypes is reduced in the hippocampus, an area that is thought to play an important role in schizophrenia (Gao et al., 2000; Meador-Woodruff & Healy, 2000) . In a number of studies, the AMPA subunits GluR1 and GluR2 were decreased in the hippocampus and the parahippocampal gyrus (Eastwood et al., 1995b (Eastwood et al., , 1997a (Eastwood et al., , 1997b Harrison et al., 1991) . In concordance, ligand binding to AMPA receptors was decreased (Kerwin et al., 1990) . The kainate receptor subtypes GluR6 and KA2 were also significantly reduced in the schizophrenic hippocampus (Porter et al., 1997) . Studies on kainate receptor density, conducted with radiolabeled kainate, demonstrated a decrease in the hippocampus, as well as an increase in the cortex (Deakin et al., 1989; Kerwin et al., 1990; Nishikawa et al., 1983) . Data for the NMDA receptor point to an abnormal expression in the cortex and putamen in schizophrenia (Meador-Woodruff & Healy, 2000) . In the putamen, NMDA receptor numbers are elevated (Aparicio-Legarza et al., 1998; Kornhuber et al., 1989) , and in the cortex, the number is increased and the composition of the NMDA receptor subunits is altered (Akbarian et al., 1996; Grimwood et al., 1999; Ishimaru et al., 1994; Nudmamud & Reynolds, 2001; Simpson et al., 1991) . However, as might be expected from human post mortem studies, not all investigators found similar changes in the expression of ionotropic glutamate receptors in schizophrenia (Breese et al., 1995; Noga et al., 1997; Weissman et al., 1991) . Nevertheless, several observations appear to be fairly consistent among different research groups. Among them is the abnormally low expression of AMPA/kainate receptors in the hippocampus and the increase in NMDA receptor numbers in putamen and cortex (Meador-Woodruff & Healy, 2000) . This increase in NMDA receptor levels could be a consequence of decreased NMDA receptor function, whereas AMPA receptors may be reduced in brain areas with secondary glutamate elevation (see Fig. 6 ). Thus, while schizophrenia is accompanied by a dysregulation of ionotropic glutamate receptors, the pathological basis and consequences vary across brain areas, and are still subject to interpretation.
The expression of the inhibitory subunit NR3 has not been analyzed yet in post mortem schizophrenic brain. However, in the light of NMDA receptor hypofunction, the expression of these receptor subtypes will be important to explore in schizophrenia. Levels of expression of the NR3A subunit are particularly interesting, as NR3A has been found in brain areas of significance for schizophrenia, such as cortical areas and the thalamus (Sucher et al., 1995) . mGluRs are of interest for schizophrenia research as well. Animal experiments suggested that Group II mGluRs (mGluR2/3) may have a functional role in schizophrenia. In rats, Group II mGluRs reverse the behavioral, locomotor, and cognitive effects of PCP Moghaddam & Adams, 1998) , and they seem to interfere with PPI (Grauer & Marquis, 1999) . However, little evidence has been found for structural or quantitative differences of any mGluRs in schizophrenia. The expression of mGluRs (mGluR1-5, -7, and -8) was examined in various brain areas [prefrontal cortex (PFC), hippocampus, thalamus], but was found unaltered in schizophrenia (Crook et al., 2002; Ohnuma et al., 1998 Ohnuma et al., , 2000 Richardson-Burns et al., 2000) . An association of a genetic polymorphism with schizophrenia has been reported for mGluR5 (Devon et al., 2001) , whereas polymorphisms for mGluR2, -4, -7, and -8 did not demonstrate any significant association with schizophrenia (Bolonna et al., 2001; Bray et al., 2000; Joo et al., 2001; Ohtsuki et al., 2001) . Interestingly, mGluR5 potentiates NMDA receptor activity, which could argue for a therapeutic potential of mGluR5 agonists in schizophrenia (Jia et al., 1998; Pisani et al., 2001 ).
Abnormal function of the glutamate system has consequences for other neurotransmitter systems in the brain, such as the GABAergic system, which may be reduced in its activity because it is under control of the glutamate system (Fig. 6) (Olney et al., 1999) . Recent studies have provided evidence that hippocampal function during memory retrieval is abnormal in schizophrenia (Heckers et al., 1998) . A pattern of hippocampal hyperactivity was observed (Heckers, 2001) , which may be caused by a decrease of inhibitory, GABAergic activity of interneurons and a secondary increase in glutamate release (Fig. 6 ) (Benes, 1999; Benes & Berretta, 2001; Heckers et al., 2001 ). The hippocampal hyperactivity data fit well with the observed decrease in AMPA receptors (Meador-Woodruff & Healy, 2000) as a consequence of the secondary increase in glutamate release. While it may be speculative to assume that the primary defect is in the glutamate system rather than the GABA system, it is noteworthy that in experiments with NR2A knockout mice, [ 3 H]GABA release was markedly diminished (Miyamoto et al., 2001) . In these mice, the primary defect is in the glutamate system, which causes a secondary effect in the GABA system. In line with these data, it has been demonstrated that a decrease in the activity of NMDA receptors decreases GABA activity (Olney et al., 1989) . The decreased stimulation of NMDA receptors on GABAergic neurons leads to a decreased release of GABA and a disinhibition of glutamate neurons under the control of GABA receptors. These disinhibited neurons proceed to release abnormally high levels of glutamate (Fig. 6) (Olney et al., 1991) .
Taken together, the abnormalities found in schizophrenia and the various models of schizophrenia in humans and animals all point to an important contribution of the glutamate system to the disease. The central pathology seems to be caused by a hypofunction of NMDA receptors, followed by an overstimulation of non-NMDA receptors (e.g., AMPA/ kainate). It will be important to find out which neurons express altered ionotropic glutamate receptor sub-types, whether these neurons are inhibitory or excitatory, and how the circuitries in which these neurons take part are affected.
Schizophrenia as a neurodevelopmental disorder: role of glutamate-
Epidemiological evidence suggests that schizophrenia is established in early prenatal development. Obstetric complications, low birth weight, intrauterine malnutrition, smaller head circumference, congenital malformations, and maternal influenza during the second trimester are all positively correlated with the development of schizophrenia Kunugi et al., 1996; McNeil et al., 1994; O'Callaghan et al., 1991; Wahlbeck et al., 2001; Watson et al., 1984; Willinger et al., 2001; Wright et al., 1995) . Moreover, during childhood and early adolescence, neuro-motor dysfunction, psychological abnormalities, social mal-adjustment, and cognitive problems are observed long before schizophrenia is diagnosed (Done et al., 1994; Jones et al., 1994; Rosso et al., 2000; Walker et al., 1993 Walker et al., , 1994 . These early clinical and psychological observations suggest that schizophrenia is a neurodevelopmental disorder that starts prenatally and progresses throughout childhood and adolescence.
Anatomical studies also point to a neurodevelopmental etiology of abnormal neuronal circuits (Lewis & Lieberman, 2000; Selemon & Goldman-Rakic, 1999 ) and decreased density of dendritic spines (Garey et al., 1998; Glantz & Lewis, 2000) . In concordance, synapse-related proteins are altered in the brains of schizophrenics (Eastwood et al., 1995a) . The epidemiologic evidence, the abnormalities in cytoarchitecture, and the altered expression of synapse-related proteins provide support for a model of abnormal neurodevelopment in schizophrenia that affects neuronal migration, synaptogenesis, and synaptic pruning.
Since glutamate and its receptors play an important role in the establishment and maintenance of synaptic connections (Fig. 3) , the anomaly of synaptic connections in schizophrenia might be a consequence of a hypoactive glutamate system during early development (Fig. 7) . In a normal glutamate system, the formation of synapses and the retention of synapses during the period of synapse stabilization will provide wellfunctioning neuronal circuits with ample potential for proper communication between the neuron partners (Fig. 7A) . If levels of glutamate or its receptors are low during early development, synapse formation and synapse stabilization will be affected (Fig. 7B) . The consequence is a lower synapse number and sparser neuronal networks with inferior communication abilities, as has been hypothesized for schizophrenia (Friston & Frith, 1995) .
Neurotoxicity in schizophrenia-
There is not much evidence for neurotoxicity as the cause of schizophrenia. Schizophrenia appears, by most accounts, to be a neurodevelopmental disorder Harrison, 1997; Woods, 1998) . However, excitotoxic neurodegeneration may contribute to the course of the disease. Certain features of schizophrenia suggest a limited neurodegenerative process; e.g., a correlation between the progression of symptoms, including behavioral and cognitive deterioration (Lieberman, 1999) , with ventricular enlargement (DeLisi et al., 1997; Flaum et al., 1995; Kelsoe et al., 1988; Pfefferbaum et al., 1988; Weinberger et al., 1979) , hippocampal volume reduction (Becker et al., 1996; Heckers, 2001; Marsh et al., 1994) , and a reduction in cortical gray matter (Lim et al., 1996; Zipursky et al., 1992) . Some of these abnormalities may be present early on, and they may not progress much during the course of the illness (Davies et al., 1998; Illowsky et al., 1988; Nasrallah et al., 1986; Vita et al., 1997) , while others are consistent with the notion that abnormal glutamatergic mechanisms and excitotoxicity contribute to schizophrenia (Olney et al., 1999) . The most prominent example is the increased prevalence of spontaneous dyskinesias in untreated schizophrenia. Recent studies have estimated that between 5 and 15% of never-medicated schizophrenics experience spontaneous dyskinesias (Cassady et al., 1998; Fenton, 2000; Puri et al., 1998) . Although the pathophysiology of spontaneous dyskinesias is not known (Casey, 2000) , it is presumed that an abnormally low glutamatergic tone (NMDA receptors) causes an insufficient activation of GABAergic neurons and a disinhibition of glutamate neurons under the control of GABA (Fig. 6) (Coyle, 1996; . The lack of histologic evidence of neurodegeneration such as gliosis in schizophrenia (Falke et al., 2000; Heckers, 1997; Roberts et al., 1986) does not rule out excitotoxicity through NMDA receptor hypofunction. Indeed, rats treated with NMDA antagonists had only a transient increase in gliosis, despite neuronal loss in the cortex (Fix et al., 1995) . Thus, gliosis may occur in schizophrenia transiently, and may not be present any more at the time of the pathological examination.
Taken together, abnormal glutamatergic function could contribute to a primary neurodevelopmental, as well as secondary neurodegenerative/excitotoxic component, in schizophrenia.
Implications for the treatment of schizophrenia
Antipsychotic drugs are used to treat primarily psychosis in schizophrenia. However, they may also have beneficial effects on the progression of the disease. Epidemiological studies suggest that early intervention in schizophrenia with antipsychotic drugs may help to reduce psychotic symptoms in subsequent episodes and to reduce relapse (Lewis & Lieberman, 2000; Lieberman et al., 2001; Robinson et al., 1999) .
Antipsychotic drugs are commonly grouped into 'conventional antipsychotic drugs' and 'atypical antipsychotic drugs.' The differences between both groups are defined in clinical, as well as in pharmacological, terms. Clinically, atypical antipsychotic drugs cause less extrapyramidal side effects, less tardive dyskinesia (TD), and are more effective than conventional antipsychotic drugs in treating negative symptoms (e.g., social withdrawal, flattened affect). Pharmacologically, conventional antipsychotic drugs such as haloperidol have a high affinity for D 2 receptors (Levinson, 1991) , whereas atypical antipsychotic drugs such as cloza-pine have affinities to multiple receptor systems, including D 2 receptors (Remington & Chong, 1999) .
Antipsychotic drugs act primarily on the dopamine and serotonin (5-HT) systems, and although they have direct effects on the glutamate system, in general, these are small. However, through their interaction with monoaminergic systems, antipsychotic drugs can modulate glutamatergic function via a powerful, indirect mechanism (Leveque et al., 2000) .
Pharmacology of antipsychotic drugs
It has been reported that the clinical potency of conventional antipsychotic drugs is directly correlated with their affinity for the dopamine D 2 receptor (Creese et al., 1976; Seeman & Lee, 1975; Seeman & Van Tol, 1993) . Conventional antipsychotic drugs inhibit D 2 receptors and dopa-mine release (Creese et al., 1976; Seeman & Lee, 1975) . Optimal therapeutic benefits are observed in the range of 70-80% D 2 receptor occupancy . This has led to the hypothesis that schizophrenia is caused by an overactive dopaminergic system (Meltzer & Stahl, 1976) . However, conventional antipsychotic drugs are not just D 2 antagonists, but are also effectors of other neurotransmitter systems (Andersson et al., 1998; Stockmeier et al., 1993) and, to some part, of the glutamate system (see Section 3.3) (Arvanov et al., 1997; Brimecombe et al., 1998; Fletcher & MacDonald, 1993; Gallagher et al., 1998; Ilyin et al., 1996; Lidsky et al., 1997; Micheletti et al., 1993) .
Whereas all conventional antipsychotic drugs are D 2 antagonists (Creese et al., 1976; Seeman & Lee, 1975) , the mechanism of action of atypical antipsychotic drugs is less homogenous (Andersson et al., 1998) . Clozapine is the prototypical atypical antipsychotic drug; the list of atypical antipsychotic drugs also includes risperidone, olanzapine, ziprasidone, quetiapine, and sertindole. Atypical antipsychotic drugs are grouped together for their lack of extra-pyramidal side effects typical for conventional antipsychotic drugs, but as a group, they have different pharmacological profiles and different side effects. More than one pharmacological feature seems to contribute to the therapeutic properties of atypical antipsychotic drugs. There is some evidence that they interact with dopamine D 2 , D 4 , and D 1 receptors, 5-HT 2 and 5-HT 1A receptors, muscarinic m 4 receptors, adrenergic a 1 receptors, and histamine H 1 receptors (Bymaster et al., 1996 (Bymaster et al., , 1999 Canton et al., 1990; Kapur et al., 1998 Kapur et al., , 1999 Lavalaye et al., 1999; Meltzer, 1994 Meltzer, , 1999 Nordstrom et al., 1995; Nyberg et al., 1997; Pilowsky et al., 1996; Prinssen et al., 1994; Raedler et al., 1999; Richelson, 1999; Seeman, 1992; Stockmeier et al., 1993; Travis et al., 1998; Trichard et al., 1998; Zorn et al., 1994) , but none of these effects predominate or can explain satisfactorily the mechanism of action of atypical antipsychotic drugs. Although it is possible that different antipsychotic drugs are atypical for different reasons, one prevailing theory suggests that the relationship of the inhibitory potency at 5-HT 2A receptors and D 2 receptors may be important for the 'atypical' profile (Meltzer, 1999; Richelson, 1999 ).
An interesting clinical difference between conventional and atypical antipsychotic drugs is that the latter are more effective in reducing the negative symptoms and in improving the cognitive deficits of schizophrenia, whereas the former have more motor side effects (Tandon et al., 1999) . This feature is explained by the anatomical differences in their sites of action. Atypical antipsychotic drugs have a stronger effect in the mesolimbic dopamine system [ventral tegmental area (VTA), PFC, nucleus accumbens], whereas conventional antipsychotic drugs have a stronger effect in the nigrostriatal dopamine system (substantia nigra, striatum). Analysis of Fos expression in rats after treatment with conventional and atypical antipsychotic drugs demonstrates that conventionals induce Fos expression primarily in the striatum and nucleus accumbens, whereas atypical antipsychotic drugs induce Fos expression in the PFC, nucleus accumbens, and the striatum (MacGibbon et al., 1994; Nguyen et al., 1992; Robertson & Fibiger, 1992; Robertson et al., 1994; Sebens et al., 1995; Wan et al., 1995) . Studies that measure dopamine-cell depolarization block, the delayed inactivation of dopamine-neuron firing in the mid-brain after treatment with antipsychotic drugs, show a stronger effect in the VTA by atypical antipsychotic drugs and in the substantia nigra by conventional antipsychotic drugs (Grace et al., 1997) . Finally, in schizophrenics, striatal volume is increased after treatment with conventional anti-psychotic drugs, but not with atypical antipsychotic drugs (Chakos et al., 1994; Gur et al., 1998; Keshavan et al., 1994) . In rats treated chronically with haloperidol, it was confirmed that chronic neuroleptic treatment causes striatal enlargement . Thus, conventional antipsychotic drugs have a much stronger influence on striatal plasticity than atypical antipsychotic drugs.
Direct interaction of antipsychotic drugs with the glutamatergic neurotransmitter system
An ideal pharmacologic support of the glutamate hypothesis of schizophrenia would be the demonstration that glutamate receptor agonists have antipsychotic properties. Unfortunately, glutamate agonists cannot be used for therapeutic purposes, as unphysiologic excitation of the glutamatergic system will inevitably cause neurotoxicity and neuronal death (Choi, 1988; Choi & Rothman, 1990) . However, facilitation of NMDA receptor function, when combined with antipsychotic drugs, has been linked to an improved treatment outcome in schizophrenia (Goff et al., 1999b; Heresco-Levy et al., 1996a . Interestingly, many of the known antipsychotic drugs interact directly with the glutamate system. At concentrations similar to those found in the cerebrospinal fluid of schizophrenics, antipsychotic drugs bind to NMDA receptors, augment NMDA activity, and increase the expression of AMPA and NMDA receptor subtypes (Banerjee et al., 1995; Brene et al., 1998; Eastwood et al., 1996; Fitzgerald et al., 1995; Lidsky et al., 1997; Meshul et al., 1996) . Chronic treatment with conventional antipsychotic drugs inhibits the glutamate transporter (De Souza et al., 1999) and increases the basal concentration of extracellular glutamate (Meshul et al., 1996; Yamamoto & Cooperman, 1994) . Likewise, atypical antipsychotic drugs increase the release of glutamate (Arvanov et al., 1997; Daly & Moghaddam, 1993; Evins et al., 1997) and of glycine (Chapman & See, 1996) . However, the direct effects of antipsychotic drugs on the glutamate system are far less robust than their effects on other systems such as the dopamine system.
Antipsychotic drugs modulate N-methyl-D-aspartate receptor activity via the dopamine system
Conventional antipsychotic drugs are potent dopamine D 2 receptor inhibitors (Creese et al., 1976; Seeman & Lee, 1975) . Inhibition of D 2 receptors can cause activation of the glutamate system. Indeed, many properties of haloperidol seem to originate in its facilitation of the glutamate system and of the NMDA receptor. Behaviorally, NMDA antagonists prevent haloperidol-induced catalepsy in rats, suggesting that neuroleptic-induced catalepsy is caused by an activation of NMDA receptors (Kaur et al., 1997; Moore et al., 1993; Yoshida et al., 1991) . On the molecular level, NMDA antagonists block haloperidol-mediated striatal gene expression, which indicates that haloperidol leads to gene expression through an activation of the NMDA receptor (Boegman & Vincent, 1996; Dragunow et al., 1990; Leveque et al., 2000; Ziolkowska & Hollt, 1993) . These findings cannot be explained by a direct interaction of haloperidol with the NMDA receptor, since haloperidol is a weak inhibitor of the NMDA receptor (Coughenour & Cordon, 1997; Gallagher et al., 1998; Hayashi et al., 1995; Ilyin et al., 1996; Lynch & Gallagher, 1996) , an action that is contrary to the behavioral and molecular findings. However, the glutamate and dopamine systems interact in a way that enables D 2 antagonists to increase the activity of the glutamate system. Dopamine and glutamate are involved in the same neuronal circuits and influence each other's activity and release of neurotransmitter (Morari et al., 1998) . Generally, D 2 receptor agonists decrease the activity of the glutamate system, whereas D 2 antagonists increase the activity (Cepeda et al., 2001; Koga & Momiyama, 2000; Yamamoto & Davy, 1992) . Dopamine neurons emanate from two areas in the mid-brain, the substantia nigra and the VTA. Neurons of the substantia nigra are predominantly involved in the nigralstriatal motor circuits, whereas neurons from the VTA are involved in corticolimbic circuits, which include the nucleus accumbens and the PFC. Dopaminergic neurons in the substantia nigra and the VTA receive glutamatergic inputs (Carr et al., 1999; Carr & Sesack, 2000; Counihan et al., 1998; Gauchy et al., 1994; Smith et al., 1996) , and gluta-mate stimulates dopaminergic activity (Meltzer et al., 1997) . Conversely, the glutamate system is inhibited by dopamine and facilitated by the inhibition of D 2 receptors. D 2 receptors on glutamatergic fibers in the VTA inhibit glutamate release, while D 2 antagonists reverse this inhibition (Koga & Momiyama, 2000) . D 2 receptors also reduce glutamate receptor-mediated activity in the corticostriatal and thalamostriatal pathways, while D 2 antagonists increase the activity (Cepeda et al., 2001) . These data indicate that modulation of the dopamine system by antipsychotic drugs influences the performance of the glutamate system. Conversely, malfunction of the glutamate system affects the performance of the dopamine system (Meador-Woodruff & Healy, 2000) .
Aside from the systemic interaction, an intracellular interaction between D 2 receptors and NMDA receptors in the striatum was reported (Fig. 8) (Cepeda et al., 1993; Leveque et al., 2000) . D 2 receptor antagonists activate an intraneuronal signal transduction pathway that causes phosphorylation of the NMDA receptor (Fig. 8B) . This phosphorylation enhances the activity of the NMDA receptor, which leads to the activation of the NMDA signal transduction pathway and to gene expression (Leveque et al., 2000) . Haloperidol depends on NMDA receptors to increase gene expression, and cannot do so when NMDA receptors are blocked (Boegman & Vincent, 1996; Dragunow et al., 1990; Leveque et al., 2000; Ziolkowska & Hollt, 1993) .
The monoamine 5-HT may modulate the glutamate system in a fashion similar to the monoamine dopamine (Aghajanian & Marek, 2000) . In brain areas innervated by 5-HT and dopamine, a two-pronged approach of an antipsychotic drug, modulation of the glutamate system via dopamine and via 5-HT, can work with a low affinity of the drug to either monoaminergic system. Moreover, because of anatomical differences in the target areas of 5-HT and dopamine, anti-psychotic drugs that affect both systems such as clozapine will have a wider impact across brain areas. For a 'disease of neuronal connectivity' that affects multiple brain areas (Andreasen, 2000) , this seems a fitting treatment approach.
While many of the effects of antipsychotic drugs on the glutamatergic system may be elicited indirectly via other neurotransmitter systems, the glutamate system could be essential for the therapeutic properties of these drugs (Konradi & Heckers, 2001 ).
Facilitation of glutamate receptor activity as treatment for schizophrenia
Glycine, the agonist at the glycine site of the NMDA receptor, was tested as adjuvant to antipsychotic drugs. It improved negative symptoms when combined with conventional antipsychotic drugs (Heresco-Levy et al., 1996a Javitt et al., 1994) , but not when combined with clozapine (Evins et al., 2000; Potkin et al., 1999) . Unfortunately, glycine does not enter the brain freely and had to be administered at uncomfortably high doses (30-60 g per day) (Heresco-Levy et al., 1999; Javitt et al., 1994) . Thus, two agents that readily cross the blood-brain barrier were used in clinical trials: D-cycloserine, a partial agonist at the glycine site of the NMDA receptor (Emmett et al., 1991; Henderson et al., 1990; Johnson & Ascher, 1987) , and D-serine, a full agonist (Tsai et al., 1998b) . Both improved negative symptoms and cognitive function when added to conventional neuroleptics (Goff et al., 1995b (Goff et al., , 1999b Tsai et al., 1998b) , but not when added to clozapine (Goff et al., 1996 (Goff et al., , 1999a Tsai et al., 1999) . The co-administration of clozapine and D-cycloserine even worsened the negative symptoms in schizophrenia (Goff et al., 1999a) . How is the different effect of glycine site agonists on clozapine versus conventional antipsychotic drugs explained? The rationale for clinical trials of glycinergic agents is that the glycine sites of the NMDA receptor complex are not fully saturated, and thus, NMDA receptor activity is restrained. Indeed, the glycine transporter may keep glycine concentrations in the synaptic cleft at levels that prevent maximal NMDA receptor currents (Supplisson & Bergman, 1997) . Clozapine has been shown to elevate extracellular levels of glycine in the brain of rats (Chapman & See, 1996) , whereas haloperidol has no effect or may even lower glycine levels (Baruah et al., 1993; Chapman & See, 1996) . Because clozapine already increases the levels of glycine, the administration of glycine agonists will not further benefit NMDA activity. The partial agonist D-cycloserine acts as an agonist at the glycine site when endogenous levels of ligand are low, and as an antagonist when endogenous levels of ligand are high. This explains why D-cycloserine decreases the therapeutic effect of clozapine.
Recently, AMPA receptors have been considered as targets for the treatment of schizophrenia. Ampakines, novel compounds that enhance synaptic currents mediated by AMPA, have shown promise as adjuvants to clozapine treatment Johnson et al., 1999) .
Role of glutamate in neuroplasticity by antipsychotic drugs
The delayed effect of antipsychotic drugs suggests that neuroplasticity is an important component of their therapeutic benefits (Hyman & Nestler, 1996; Konradi & Heckers, 2001) . In fact, antipsychotic drugs are known to induce neuroplasticity in the striatum and in brain areas relevant for the cognitive deficits seen in schizophrenia (Robertson & Fibiger, 1992; Robertson et al., 1994) . Haloperidol, for instance, has been shown to induce TFs in the striatum and to affect the expression of many proteins (Konradi & Heckers, 2001) . Ultrastructural alterations of synaptic structures (Benes et al., 1985; Kerns et al., 1992; Uranova et al., 1991) and increases in striatal volumes in human brain (Chakos et al., 1994; Heckers et al., 1991; Jernigan et al., 1991; Shihabuddin et al., 1998) have also been described. Interestingly, the number of glutamate-containing synapses is increased in the rat striatum after chronic haloperidol treatment (Kerns et al., 1992; Meshul & Casey, 1989; See et al., 1992; Uranova et al., 1991) , and an increase in the number of perforated synapses and double synapses has been reported (Kerns et al., 1992) . Thus, haloperidol seems to promote synapse splitting, a process by which synapses multiply in the mature brain (Jones & Harris, 1995; Kirov et al., 1999; Toni et al., 1999) (Fig. 4B) . While neuroanatomic changes by conventional antipsychotic drugs have been studied predominantly in the striatum, it is assumed that other brain areas with more relevance for schizophrenia show similar adaptations, albeit not as strongly as the striatum (Konradi & Heckers, 2001) . Atypical antipsychotic drugs affect neuroplasticity in brain areas more relevant for schizophrenia. C-Fos expression, for example, is induced by atypical antipsychotic drugs in many brain areas relevant for schizophrenia, such as the PFC and nucleus accumbens (Deutch & Duman, 1996; Lidow & Goldman-Rakic, 1997; Nguyen et al., 1992; Robertson & Fibiger, 1992) .
Glutamate and NMDA receptors are involved in many aspects of neuroplasticity. Antipsychotic drugs induce gene expression via a stimulation of NMDA receptors (Leveque et al., 2000) . Thus, neuroplasticity by antipsychotic drugs depends on a functioning glutamate system, which puts glutamate at the center of consideration for the delayed therapeutic benefits of antipsychotic drugs.
Role of glutamate in neurotoxicity by antipsychotic drugs
The facilitation of the glutamate system by conventional antipsychotic drugs in the striatum could be a risk factor for TD (Hamid et al., 1998; Hauber, 1996; Hauber & Schmidt, 1990; Kaur et al., 1997) . Indeed, patients who develop TD in response to neuroleptic drug treatment have higher markers for glutamatergic neurotransmission than patients who do not develop TD (Goff et al., 1995a; Tsai et al., 1998a) . TD is thought to be a consequence of oxidative stress and excitotoxicity by glutamate (Andreassen & Jorgensen, 2000) . These data suggest that in a subgroup of patients, antipsychotic drugs up-regulate the glutamate system to excitotoxic levels. In addition, episodic peak releases of glutamate could be excitotoxic and could progressively damage neurons. There is little protection for these neurons against an overactive glutamate system triggered by a pharmacologic agent for which endogenous defense systems are not readily available.
Atypical antipsychotic drugs have a much lower probability to cause TD (Casey, 1999; Glazer, 2000a Glazer, , 2000b Littrell et al., 1998) . This is consistent with the finding that they are less effective than conventional antipsychotic drugs in facilitating gene expression and NMDA receptor activity in the striatum (Leveque et al., 2000; Nguyen et al., 1992; Robertson et al., 1994) . While the pharmacological mechanism of action of atypical antipsychotic drugs is less clear than that of conventionals, their lower affinity to D 2 receptors could avert an excitotoxic activation of NMDA receptors in motor areas.
The combination neuroplasticity-neurotoxicity observed with conventional antipsychotic drugs reflects the complex nature of the glutamate system (Bear & Malenka, 1994; Choi, 1988; Malenka & Nicoll, 1993; Mattson, 1988; Olney, 1994; Platenik et al., 2000; Rothman & Olney, 1995) . While the induction of neuroplasticity by antipsychotic drugs seems important for the therapeutic benefits, the generation of neurotoxicity is detrimental. Therefore, it is important that we find physiologic ways to stabilize and facilitate the glutamate system in schizophrenia by means that provide 'brakes' only when the glutamate system is overactive. Partial NMDA receptor agonists (which allow normal levels of glutamatergic neurotransmission, but block high levels) and Ampakines could fulfill some of these requirements, as could effectors of neuromodulatory systems, such as monoaminergic systems or mGluRs.
Conclusion
A hypoactive glutamate system can severely impede the proper formation of neural circuits during brain devel opment. Even if connections are formed properly and in abundance during early development, the hypoactive glutamate system can cause excessive pruning and can affect the number of synapses retained during adolescence. Moreover, the failure to properly and consistently activate GABA neurons may result in neurotoxicity. Thus, a hypoactive glutamate system has a negative influence on neuroplasticity and it facilitates neurotoxicity.
There is much biochemical, pharmacological, and clinical evidence that the glutamate system is abnormal in schizophrenia. Several models of schizophrenia, e.g., the neurodevelopmental and the progressive neurodegeneration models, the overactive dopamine or the hypoactive GABA system models, can be explained by a primary episodic malfunctioning of the glutamate system (Fig. 9) . This malfunction could be based on genetic abnormalities and could be exacerbated by stress and environmental factors. In light of the role of glutamate in the pathology of schizophrenia, a pharmacologic stabilization of the glutamate system may allow us to prevent psychotic episodes and neurotoxicity.
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AA
arachidonic acid AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid Intracellular mechanism by which NMDA receptors mediate neuroplasticity and programmed cell death. Upon interaction with glutamate and glycine, NMDA receptor channels open and pass Na + and Ca 2 + ions. The influx of Ca 2 + activates signal transduction molecules, such as kinases and phosphatases, which proceed to phosphorylate cellular proteins at the synapse (see insert) and in the nucleus. Among the proteins phosphorylated are TFs that are activated by phosphorylation. These TFs bring RNA polymerase to DNA, which transcribes genes encoded by the DNA into RNA. RNA is shuttled out of the nucleus and translated into protein. The signal transduction pathways activated are specific to the strength of ion influx and the route(s) of ion influx (see insert).
CaM kinase
The genes induced by these pathways can be involved in either neuroplastic or cell death mechanisms. Insert: At the synapse, Ca 2 + entering through NMDA receptors activates local kinases. These kinases phosphorylate/activate neighboring receptors and ion channels, which initiate signal transduction pathways that can combine with the NMDA receptor signal transduction pathway. The combination of receptors and channels activated lends further specificity to the signal transduction pathway, and helps to determine the type of molecular response the neuron will exhibit. P, phosphate residue. Glutamate is involved in early synapse formation and synapse stabilization. A: Synapse formation: after contact of filopodium and growth cone, cell adhesion molecules provide a bond between pre-and postsynaptic membranes. Prefabricated release packages accumulate and release glutamate, which stimulates the formation of the postsynaptic density (PSD). Synapse stabilization: pre-and postsynaptic activities need to be synchronized, i.e., the postsynaptic membrane needs to depolarize in response to presynaptic glutamate release. Initially, a coincidence of presynaptic glutamate release and postsynaptic depolarization is needed to promote an incorporation of AMPA/kainate receptors into the postsynaptic membrane, which will stabilize the synapse. A more active glutamate system has a higher likelihood of coincidental glutamate release and postsynaptic depolarization. B, C, D: Details of synapse stabilization. B: In the immature synapse, the postsynaptic site initially has only NMDA receptors. NMDA receptors are blocked by Mg + , which is removed by the activation of the receptor with glutamate and simultaneous depolarization of the cell membrane. In the mature synapse, activation of AMPA/kainate receptors depolarizes the neuron in response to glutamate release and provides the depolarization needed to remove the Mg + from NMDA receptors. This allows ion flux through the NMDA receptor. The Activation of the transcription factor CREB by the NMDA signal transduction pathway. Activation of NMDA receptors causes Ca 2 + influx (A). Ca 2 + interacts with kinases and phosphatases that act as messengers in signal transduction pathways. Kinases and phosphatases alter the phosphorylation patterns of TFs and, thus, influence their ability to stimulate the synthesis of mRNA. For example, CaM kinases, activated by Ca 2 + , can translocate to the nucleus and phosphorylate the TF CREB (Bito et al., 1996; Sheng et al., 1991; Sun et al., 1994) . Phosphorylated CREB stimulates the synthesis of many different mRNAs, which are translated into proteins. These proteins alter neuronal properties and contribute to memory formation and synaptic strength. For instance, the newly synthesized proteins are incorporated into synapses. An active synapse can increase in size, and may even split into two synapses (B). An inactive synapse can decrease in size and may be even disassembled (C). PSD, postsynaptic density. Ca 2 + overload damages mitochondria and causes neurotoxicity. Prolonged opening of NMDA receptors leads to the influx of Ca 2 + through NMDA receptor channels, as well as through L-type Ca 2 + channels. Ca 2 + accumulation inside the cell causes mitochondrial damage. Leakage of cytochrome c from mitochondria activates the caspase-3 pathway, which leads to DNA fragmentation, a hallmark of apoptosis. Because of the collapse of the mitochondrial membrane potential, the production of ATP is compromised. This causes further accumulation of Ca 2 + , since Ca 2 + pumps need ATP to shuttle excess Ca 2 + out of the cell. ROS accumulate in response to mitochondrial damage and in response to the activation of the AA pathway by Ca 2 + . ROS damage proteins and nucleic acids, and cause lipid peroxidation of membranes. NMDA receptor hypoactivity and glutamate neurotoxicity. Hypoactive NMDA receptors on GABAergic neurons are responsible for decreased neuronal activity. The inhibitory tone of GABA neurons on glutamate neurons is attenuated, and the activity of glutamate neurons is increased. More glutamate gets released, causing excitotoxic stress and damage. A hypoactive glutamate system leads to sparse neuronal circuits. In a normal functioning glutamate system (A), an excess amount of synapses is formed in the cortex. During synapse stabilization, many of these synapses are retracted, leaving an optimal number of synapses to form neuronal circuits (Huttenlocher, 1984; Huttenlocher et al., 1982) . With a weak glutamate system (B), less synapses are formed and less synapses are retained (see Fig. 3 ). The neuronal circuits in such a brain are insufficient to sustain proper function throughout life. Because initially an abundance of synapses is built, the problems with this circuit will be uncovered during the time of pruning when the number of connections falls below a critical threshold, which would be expected during late adolescence or early adulthood, coinciding with the time of onset of schizophrenia. D 2 antagonists such as haloperidol facilitate NMDA receptor activity in the striatum by an intracellular mechanism. A: The medium-size spiny neurons in the striatum receive glutamate inputs from the cortex and dopamine inputs from the midbrain. Inhibition of D 2 receptors on the spiny neurons facilitates NMDA receptor activity and promotes a signal transduction pathway to the nucleus. B: D 2 antagonists activate an intracellular signal transduction pathway, including protein kinase A (PKA), which leads to the phosphorylation of the NR1 subtype of the NMDA receptor (Leveque et al., 2000) . This phosphorylation increases the sensitivity of the NMDA receptor to glutamate and stimulates a signal transduction pathway that reaches the cell body. Gene expression enables the neuron to adjust its structure and function. Strong and persistent inhibition of D 2 receptors can overstimulate NMDA receptors and cause neurotoxicity. P, phosphate residue. Implications of glutamate hypofunction for schizophrenia. Decreased glutamate levels cause abnormal neuronal development, impaired synaptic plasticity, psychotic symptoms, decreased GABAergic tone, and neurotoxicity. Inhibition of D 2 receptors increases the activity of glutamate receptors.
